Summary Because there is mounting evidence to suggest that oxidative stress is involved in the pathophysiology of albinism, albino amphibians are useful tools for studies on imbalances in the oxidant-antioxidant system. In the course of maintaining albino mutant frog strains it was found that crosses between albino males and heterozygous females of Rana nigromaculata sometimes produce offspring displaying pigmentary mosaicism. After hatching hypopigmented portions appear on the left or right side of the body, and this is accompanied by such abnormalities as poor viability, asymmetrical curvature of the body toward the hypopigmented side, and limb deformity. Histological examination of mosaics showed the cells of various tissues (except kidney) to be smaller on the hypopigmented side and larger on the pigmented side compared to corresponding cells in wild type offspring. Cytogenetic analysis of cultured skin cells revealed that wild type and albino individuals were diploidal with 26 chromosomes, the same as normal R. nigromaculata. In mosaics on the other hand, cells of hypopigmented portions were almost exclusively haploidal with 13 chromosomes, while pigmented portions were a mixture of roughly 75% triploidal, 39 chromosome cells and roughly 25% haploidal, 13 chromosome cells.
Introduction
Albinism is a congenital disorder that causes little or no melanin pigment production in the skin, hair and eyes. Accumulating evidence suggests that oxidative stress and damage are involved in the pathophysiology of albinism [1, 2] . Measurement of lipid peroxide accumulation provides one means of assessing the involvement of reactive oxygen species (ROS) in biological processes such as aging. Lipid peroxidation of the depigmented eye pigment epithelium in albino rabbits occurs at a higher rate than in normally pigmented rabbits [3, 4] . Thiobarbituric acid reactive substance (TBARS) concentration is used as an indicator of the susceptibility of tissues to lipid peroxidation. Corsaro et al. [5] reported that TBARS levels are greater in albino Xenopus liver than in pigmented liver, and that the addition of isolated purified melanin to albino liver leads to a significant decrease in TBARS level, suggesting that melanin pigment acts as an antioxidant for ROS detoxification. Albino frogs are a suitable model organism for studies on the involvement of oxidative stress in albinism.
There have been many reports of worldwide declines and extinctions in amphibian populations [6] [7] [8] [9] , which possibly stem from a variety of reasons, including ultraviolet (UV) radiation exposure. Little et al. [10] exposed toad tadpoles to ultraviolet-B (UVB) radiation and found that Bufo boreas tadpoles are more tolerant than Bufo woodhousii tadpoles. They surmise that the higher resistance of B. boreas tadpoles to UVB is due to the presence of greater amounts of melanin in the skin. Kvam and Dahle [11] demonstrated that the depigmented cells of albino mice are more susceptible to ultraviolet-A (UVA) radiation-induced lipid peroxidation and glutathione depletion than the pigmented cells of normal mice, resulting in membrane damage in melanin forming melanocytes. In this context, albino amphibians are excellent tool for in vivo studies on the effects of UV exposure.
Several investigations have shown that breakdown in the oxidant-antioxidant balance plays a role in the development of an acquired pigment loss disorder, or vitiligo [12] [13] [14] [15] [16] [17] .
Different types of somatic chromosomal mosaicism are known to cause various pigmentary disorders [18] [19] [20] . Donnai et al. [18] reported two patients with cutaneous manifestations of hypomelanosis of Ito [21] , resulting form a mixture of diploid/triploid cells. Trisomy 7 mosaicism is seen in patients with Blaschkolinear dysplasia syndrome (= hypomelanosis of Ito), appearing as swirls of pigmentation/ depigmentation on the trunk and linear streaks on the limbs in a Blaschko linear type distribution [22, 23] . This syndrome is accompanied by asymmetric body abnormalities, developmental delay, growth retardation and a variety of other anomalies.
The Amphibian Inbred Strain Maintenance Team at Hiroshima University Institute for Amphibian Biology maintains approximately 20 thousand frogs of various inbred amphibian strains, including 60 different types of color mutants and 60 wild species. In the course of maintaining albino strains of the black-spotted pond frog Rana nigromaculata (R. nigromaculata), tadpoles with Blaschkolinear dysplasia like syndrome were found among the offspring resulting from crosses between albino males and heterozygous females. In this paper we report the morphological and cytogenetic features of skin pigmentary variants in R. nigromaculata, which should be of use in future studies on albinism.
Materials and Methods

Animals
The frogs used for mating belong to 15 inbred lines of Rana nigromaculata. Twelve of the lines, Ex, Fc, Go, Hr, Km, Ns, Sn I, Sn II, Tj, Ty, Ym I, and Ym II have already been reported [24, 25] . They are categorized into 5 complement genetic groups: group 1 (Ex, Fe, Hr, Sn I, Sn II, Tj, and Ym II), 2 (Go), 3 (Ym I), 4 (Km), and 5 (Ns). The other three lines, Bf, Sj, and Ts are newly reported here. All three were originally collected in Hiroshima Prefecture, Japan: Bf from Fuchu City prior to 1991, Sj from Saijo Town, Hibagun prior to 1988, and Ts from Toyosaka Town, Kamogun in 1991. Albinism in all 15 lines is recessively inherited. Frogs collected in the vicinity of Hiroshima having homozygous wild genes were also mated. Artificial insemination was done at room temperature from April to June in our laboratory in Higashihiroshima City, Hiroshima Prefecture, Japan. Ovulation was induced by injecting 3-12 year old females with 2 to 3 acetone-dehydrated pituitaries from Rana catesbeiana or R. nigromaculata suspended in 500 µl of 70% human physiological saline. Males of the same line were anesthetized with vaporized diethyl ether to remove a single testis. Eggs were released onto glass slides and inseminated artificially with a sperm suspension of homogenized testis in dechlorinated tap water. Twenty minutes after insemination eggs were transferred to dechlorinated tap water at room temperature and allowed to develop. Tadpoles were fed mashed boiled spinach and frogs were fed living crickets (Gryllus bimaculatus). Developmental stage was determined according to Shumway [26] and Taylor and Kollros [27] .
Histological examination
Tadpoles and frogs were fixed in Bouin's fixative solution for 6-12 hours, dehydrated through a graded series of ethanol and Hemo-De (Falma, Tokyo, Japan), embedded in Paraplast plus (Sigma-Aldrich, St Louis, MO), and sectioned at 7-10 µm. De-paraffinized and rehydrated sections were stained with Mayer's Hematoxylin solution (Sigma-Aldrich, St Louis, MO) and Eosin Y solution (Sigma-Aldrich, St Louis, MO).
Cytogenetic examination
Tadpole tail tips were prepared for analysis using a waterpretreatment squash method as described in Nishioka [28] . Taylor and Kollros stage I-X tadpole tail tips were amputated. After three to five days small regenerate buds had formed on tail stumps, and these and neighboring stump tissues were removed, transferred to a culture medium (60% Leibovitz L-15, 10% fetal calf serum heat-inactivated at 56°C for 30 minutes, 100 units/ml penicillin, 100 µg/ml streptomycin) containing 0.005% colchicine, incubated at 20°C for 12-18 hours, immersed in deionized water for 90 minutes to swell the cells, transferred to a slide glass, stained with orcein solution (1% orcein, 45% acetic acid) at room temperature for 60 minutes, heated with hot wet gauze for 20-30 seconds, and squashed under a cover glass. The edges of the cover glass were sealed with Malinol (Muto Pure Chemicals, Tokyo, Japan). Chromosome morphology was determined according to Levan et al. [29] and Green and Sessions [30] . Skin patches from specific portions of the body were prepared for analysis using the following method. Pigmented and hypopigmented skins were peeled separately from the trunk with tweezers and scissors, washed in the culture medium described above, chopped into approxi-mately 1 mm square patches and transferred to IWAKI 35 mm, non-treated hydrophobic petri dishes (1000-035, Asahi Techno Glass, Funabashi, Japan) containing 500 µl of fresh culture medium. Skin patches were incubated at 20°C for one day, followed by a change of medium and further incubation for 2-3 days more. Some of the patches showed wound healing-like epidermal expansion during this culture. Mediums were replaced with fresh medium containing 0.005% colchicine and treatment continued at 20°C for 12-18 hours. Growing skins were peeled off with a tracing spatula, stained and chromosome analysis was performed as with tail tips. Tissue ploidy was confirmed by nucleolar count [31] .
Results
Pigmentary mosaicism and its frequency
In most cases wild type females produce wild type eggs and albino females produce albino eggs, but on rare occasions albino females will produce a few wild type eggs, as previously described by Nishioka and Ueda [25] . Such eggs are not dealt with in the present study. Individual phenotypes, albino or wild, began to be expressed at the beginning of feeding or later (Taylor and Kollros stage I). At this time a number of tadpoles began to display unilateral pigmentary mosaicism. The boundary between pigmented and hypopigmented skin was relatively clear on the back at first ( Figure 1A ), but became diffused as the tadpole developed. The tail on the other hand, showed a mottled pigmentation pattern from the very beginning. Pigmentary mosaicism carried over metamorphosis, however some froglets displayed a small patch of hypopigmented skin around one eye ( Figure 1B) . Frequency of the pigmentary mosaic in offspring depended on the genotype of the parents (Table 1) . It is interesting to note that homozygous albino females produced no pigmentary mosaics whether they were mated with heterozygous or wild type homozygous males.
Other abnormalities
The bodies of the pigmentary mosaic tadpoles and froglets manifested body asymmetry. They often bended to the hypopigmented side ( Figures 1A and B) . The pigmentary mosaic tadpoles and froglets moved always curving to the same direction as the bending. The froglet limbs on the pigmented sides were as large as or larger than those on the hypopigmented sides. Moreover, malformed limbs were found in rare cases, when the forms of the limbs in left and right were not mirror images ( Figure  2) . Viability of the pigmentary mosaics was low. Seventeen of the 21 pigmentary mosaic tadpoles could not survive to metamorphose, while 30 wild type and 30 albino tadpoles all survived till metamorphosis.
Histological findings
Results of the histological examination are documented in Figure 3 . Cells of the hypopigmented portion of mosaics (B, D, G, I, and L) were found to be smaller than corresponding 
Cytogenetic findings
Cell and nucleus size in vertebrates generally depends on ploidy [32, 33] , and therefore the above histological findings suggest that the pigmentary mosaicism occurring in our R. nigromaculata strains is in fact a feature of chromosomal mosaicism.
Examination of the tail tips of 24 wild type and 10 albino offspring of the pigmentary mosaics' parents revealed that the vast majority of cells in both groups had 26 chromosomes ( Figure 4A) , which is the normal number for R. nigromaculata [34] . The karyotype for wild type cells was diploid ( Figure 5A ).
Analysis of 22 mosaic tadpoles revealed 2 individuals with 13 and 26 chromosome cells ( Figure 5B ). Karyotype analysis was not performed on these individuals, nor were 13/26 mosaics included in the histological examination. The remaining 20 individuals had predominantly 13 and 39 chromosome cells at a ratio of approximately half and half. (Figure 4C ). Thirteen chromosome cells were haploid ( Figure  5B ), and were the predominant cell of the hypopigmented portion, and comprised roughly 25% of the pigmented portion ( Figures 6A and B) . Thirty-nine chromosome cells were triploid ( Figure 5C ), and were found almost exclusively in the pigmented portion, comprising roughly 75% ( Figure  6B ). Two individuals with wild type pigmentation but with bodies curved in the manner of pigmentary mosaics were also examined and found to have 13 and 39 chromosome cells ( Figure 4D) , with karyotypes identical to 13/39 mosaics.
Discussion
The findings of the present investigation indicate that as in humans, frog skin pigmentary disorder is induced by somatic chromosomal mosaicism.
Jenkins et al. [35] reported an 8-year-old boy with hypomelanosis of Ito, who had trisomy 7 mosaicism and multiple congenital abnormalities, including a prominent forehead with facial asymmetry, bifid uvula, poor dentition, developmental delay and difficult behavior. An older 18 yearold-young man with Blaschkolinear skin hypopigmentation was reported by Magenis et al. [22] . This patient had trisomy 7 mosaicism and showed difficult behavior, growth and developmental delay, partial seizure disorder, multiple ear infections, body asymmetry and full scale intelligence quotient (IQ) of 45-48, and other defects. A 6-year-old boy reported by Kayser et al. [23] also demonstrated Blaschkolinear skin pigmentary variation and trisomy 7 mosaicism. He had developmental delay, mixed receptiveexpressive language disorder, phonological disorder, and developmental coordination disorder. At age 5 his the Wechsler Preschool and Primary Scales of IntelligenceRevised (WPPSI-R) performance IQ was 106, his verbal IQ was 69, and he had a full scale IQ of 86.
In the present investigation of R. nigromaculata tadpole and froglet mosaics, hypopigmented areas first appeared just after the beginning of feeding. Mosaic tadpoles and froglets displayed poor viability, developmental delay, asymmetrical curvature of the body toward the hypopigmented side, and limb deformity. Cytogenetic analysis of mosaic individuals revealed that several organs, including cartilage, retina and spinal cord, consisted of a mixture of haploid/triploid cells, although haploid cells were present in large numbers in the hypopigmented side of the body, whereas a great number of triploid cells were found in the pigmented side.
Triploidy can be easily induced in amphibians by artificially means. Many triploid tadpoles are viable and attain sexual maturity [36] [37] [38] [39] [40] .
Several investigations in experimental haploidy have been conducted using amphibians because their eggs can be easily be induced to develop with a single set of chromosomes. This means that manifestation of recessive genetic mutations is usually not masked by normal alleles in haploids as they are in diploids, leading to very poor viability in haploid individuals. Haploid embryos and tadpoles succumb to a variety of abnormalities referred to as "haploid syndrome". Of numerous haploids so far produced, only three Rana rugosa have successfully been raised to sexual maturity [41] . Previous studies have shown that the system for has the normal four digits, whereas the right has only two.
hydrogen peroxide detoxification develops abnormally in haploids, resulting in considerable cell damage, leading to death [42] [43] [44] . These findings seem to throw light on the reasons for the abnormal development and poor viability seen in the hypopigmented haploid/triploid mosaic tadpoles and frogs in the present study. There are two possible explanations for this difference in tissue size. One is that haploid cells themselves are smaller than triploid cells. The other explanation involves a difference in proliferative ability. In spite of differences in cell size, the body size of haploid and other polyploid amphibians is not appreciably different from that of normal diploid individuals [32] . To account for this a compensating mechanism involving cell numbers is postulated. In our haploid/triploid mosaics then, this mechanism seems to have broken down. It is hoped that further investigation of mosaicism in amphibians will help shed light on the causes of somatic chromosomal mosaicism and accompanying skin pigmentation disorders in humans. To our knowledge however, there is no report of differences in body size due to gene number. Cell deletion in tail regression of anuran tadpoles depends on programmed cell death, or apoptosis [45] . From the results of previous studies of spontaneous and thyroid hormone (TH)-induced tail regression [46] [47] [48] [49] [50] , we proposed the following mechanism for tail apoptosis: an increase in TH → NO generation → cytochrome oxidation inhibition by NO → O2 − generation → H2O2 accumulation after catalase activity inhibition by NO → lipid peroxidation of lysosomal membranes → caspase-3 activation by lysosomal enzyme release → DNA fragmentation → apoptosis. In the Introduction, we indicated that an oxidant-antioxidant imbalance is involved in pathogenesis of mammalian albinism. Because it seems highly likely that a similar phenomenon occurs in amphibian albinism, inbred albino frog strains are thought to be excellent material for investigating the effect of oxidative stress on tadpole tail apoptosis.
Albinism or hypopigmentation is accompanied by a high level of erythrocyte-superoxide dismutase (SOD) activity, a marked reduction of catalase activity and the accumulation of excess H2O2, and NO generation as seen in patients with vitiligo [51] [52] [53] , and the occurrence of a lipoperoxidative process in albino rabbits [3, 4] . Previously we reported that cells in haploid frogs are more susceptible to oxidative stress compared to cells in diploid and triploid frogs [42] [43] [44] . In the present study, an abnormal oxidant-antioxidant system in the haploidal portions of mosaic R. nigromaculata may operate to cause abnormal apoptosis, resulting in poor proliferation of cells and tissues, which leads to asymmetrical body curvature toward the hypopigmented side and limb deformity.
At the Hiroshima University Institute for Amphibian Biology all specimens are maintained under laboratory conditions with daily artificial illumination. Data on the effect of UV radiation-mediated oxidative stress on development, growth and survival rate in amphibians are not available however. At present, our laboratory is conducting investigations aimed at clarifying this problem using albino R. nigromaculata.
